Abstract-PRMA, a packetized multiple access scheme for transmitting over short range radio channels, is a promising scheme to implement in a cellular system. PRMA requires little central control and allows hand-overs with minimal base station intervention. However, when mobile voice terminals move from one cell to another, they forfeit the slots reserved for them and, in addition, encounter hand-off delays leading to dropping of voice packets. The main problem is that a mobile terminal can lose more packets even after having secured a reservation. In this paper we use a path enumeration technique using signal flow graphs combined with Equilibrium Point Analysis to analyze the effect of terminal mobility on the performance of PRMA in a cellular environment.
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I. INTRODUCTION

P
ACKET reservation multiple access (PRMA) [1] , is a multiple access scheme for transmitting a mixture of voice packets and data packets in micro-cells. An advantage of PRMA is that it requires little central control. Since hand-overs require minimal base station intervention, an active voice terminal that moves into another cell loses its slot reservations. It therefore needs to recontend with other terminals to transmit its remaining voice packets. The terminal also needs to register with the new base station. The resulting delay, which we model as a fixed delay, may force the terminal to drop voice packets, thereby degrading its performance.
In this paper, we first propose a model to capture the effect of terminal mobility. We then study the effect of terminal mobility on the packet dropping probability of the PRMA scheme in a cellular environment with voice-only terminals. The problem that one encounters when trying to analyze the effect of mobility is that a terminal can lose packets even after securing a reservation for itself. We show that a path enumeration technique, which has not been used earlier in analyzing PRMA's performance, combined with an approximate analytical technique called equilibrium point analysis (EPA) can be used to analyze the effect of terminal mobility.
The paper is organized as follows. Section II describes briefly the Markov model of a mobile terminal in PRMA. In Section III, the expressions for packet dropping probability are derived. The system probability distribution estimate is derived in Section IV. The results are shown in Section V, and Section VI contains our conclusions.
II. MODEL
The model of a terminal operating under the PRMA protocol has been described in [2] . This model does not take into account terminal mobility, which may cause the terminal to change cells during any time slot. We therefore modify the terminal model of [2] to incorporate the effect of this hand-off. The modified model shown in Fig. 1. 1 Hand-off is modeled as a delay of slots:
. During any time slot, an active terminal can move from one cell to another with probability . Any time a hand-off occurs, the terminal loses its reservation and transits to mode . From the terminal goes to after a time slot. From the terminal reenters the contention mode if it has any more packets to transmit. The terminal in goes back to if it again changes cells during the slot delay. Note that the transition from to is not considered since a terminal in silent mode does not have packets to transmit. This assumption also ensures that the effect of hand-off is not felt over multiple talk spurts.
III. PACKET DROPPING PROBABILITY
We first evaluate the packet dropping probability given the probability that a contending terminal will successfully 1 The branch transition probabilities in Fig. 1 are explained in Section V.
0090-6778/02$17.00 © 2002 IEEE transmit a packet. When there is no terminal mobility, the number of packets transmitted during a talk spurt is solely a function of the delay encountered in transmitting a packet successfully for the first time. 2 Subsequent packets are guaranteed reserved slots for transmission, and are therefore not dropped. However when terminal mobility is taken into account, subsequent packets can get dropped if the terminal moves into another cell. Therefore, the analytical techniques previously used in the literature fail. In this paper we develop a path enumeration technique based on signal flow graphs to analyze the resulting packet dropping probability.
A. Packet Dropping Probability Evaluation
Without loss of generality, let the first packet of a talk spurt be generated at time 0. The th packet of a talk spurt will be generated at time and must be transmitted by time to avoid violating the delay constraint. Similarly, for a talk spurt of length , the last packet must be transmitted by time . Let denote the probability that a terminal in mode at time 0 ends up in mode by time and has transmitted exactly packets successfully. After time , if the terminal is in any of the unreserved modes viz.
or , it will return to mode without transmitting any more packets. This can be seen from Fig. 1 . Therefore, for modes and the average number of packets dropped in a given talk spurt of length is . If the terminal is instead in any of the reserved modes , it can continue to transmit its remaining packets so long as it does not lose its slot reservation. Let denote the probability that the terminal manages to transmit more packets, given that it has transmitted ( ) packets and is in mode by time . The average number of packets in a talk spurt is . The talk spurt length of a terminal is a geometrically distributed random variable. The probability that the talk spurt is packets long is . Hence is given by (1) (derived in Appendix A) is given by (2) 2 This corresponds to the transition from mode C to mode R . For the sake of simplicity, we will assume a delay constraint for the remaining derivations. A similar reasoning applies for other values of . For we have and . We can also see from Fig. 1 that for . Upon simplification, we get (3) where is the set of all modes a terminal can be in.
B. Generating Functions
To evaluate we thus need to evaluate and . We calculate these by first evaluating their generating functions and . Since a terminal does not enter the silent mode during a talk spurt, it suffices to consider the truncated mode diagram in Fig. 2 for calculating the average number of packets droppped in a talk spurt. 3 The branch labels of the mode transition diagram of a terminal, interpreted as a signal flow graph, are modified as follows.
• Every branch label is multiplied by the indeterminate to measure the length (duration) of a path traversing through the mode space.
• In order to measure the number of packet transmissions, all the incoming branches into the mode are, in addition, multiplied by an indeterminate . Therefore, a path of length slots in which packets get transmitted will have a factor in its path gain. Let denote the generating function of path gains for all paths starting at and ending in mode .
can be calculated by applying the Mason's gain formula [3] (4) where is the forward path gain of the forward path from to is the co-factor of the path , and is the graph determinant. Appendix B explains the derivation of from Fig. 2 .
In the signal flow graph in Fig. 2 , any two loops that have a factor in each of their loop gains must have the mode in common, and therefore cannot be nonintersecting. Therefore can be written in the form where , and are all polynomials in . also has a similar form. We now develop a recursion-based technique for evaluating the bivariate power series expansions of and . Let . , itself a polynomial in , is the coefficient of in the series expansion of . It is easy to see that
Therefore, for we have the recursion relation
The problem has now been simplified to finding the univariate power series of 3 rational functions: , and . The power series expansion of a rational function can be interpreted as the impulse response of an IIR filter with impulse response where . It is important to note that we are dealing with rational functions that may have some of their poles close to the unit circle. Therefore numerically stable filtering techniques need to be used to evaluate the power series [4] . can be then obtained by feeding as input to a filter with impulse response . Further simplification of (4), which helps in computing the filter responses, is shown in Appendix C.
IV. SYSTEM PROBABILITY DISTRIBUTION ESTIMATE
We use Equilibrium Point Analysis (EPA) [5] to approximate the system probability distribution [2] , [6] . Let be the set of modes a terminal can be in. For a given cell, the system's state is given by the vector where is the number of terminals in a cell in mode is the number of terminals in mode , and so on. Let , and denote the equilibrium values of the above state variables, respectively, and let be the average number of terminals per cell.
The successful contention probability is given by where (6) since for a successful packet transmission the terminal must have permission to transmit, it should not move into another cell, its talk spurt must not end, none of the other contending terminals should transmit, and the slot should be unreserved. The equilibrium equations, obtained by equating the expected increase and decrease in the number of terminals in a given mode, are then given by Expressing all variables in terms of , we get a nonlinear equation of the form which we solve to obtain . These equilibrium values are used to obtain an estimate of the system probability distribution as follows.
A. Distribution of , and Given
The total number of reserved slots in a cell is a sum of random variables . is a binary valued random variable with . These random variables are independent 4 but not identically distributed. In a cell, given the total number of reserved slots in a frame , the probability that is 1 is given by Baye's theorem [7] as
The characteristic function of the binary valued random variable is . By our independence assumption, the characteristic function of is therefore , and that of is [7] . Hence, 5 where is the coefficient of in .
4 R ; . . . ; R are assumed to be independent since different time slots are occupied by different terminals that access channels independently. 5 When the n random variables fR g are also identically distributed, the equation reduces to (1) = R=n. 
B. Distribution of Given
We use the approximation used in [2] to get , the probability of given : otherwise (7) where . Note that the total number of terminals has been reduced by the term to account for the terminals in the hand-off delay slots.
The average packet dropping probability is then (8) where .
V. RESULTS
We assume the following values for the system parameters shown in Fig. 1 to illustrate the analytical technique. Average talk spurt duration: s, average silence duration: s, frame duration: s, number of slots in a frame: , number of delay train slots:
, the maximum voice packet transmission delay: s (20 time slots). Therefore, the time slot duration is s. The probability that a silent terminal enters talk spurt mode is thus . The probability that a terminal in mode returns to the silent mode is . The probability that a terminal that has obtained a slot reservation returns to the silent mode is then . Similarly, the probability that a terminal's talk spurt does not end during its slot hand-off delay is then . Let be the average number of cells (excluding the one in which the talk spurt originated) a terminal visits during a talk spurt. The probability that a mobile moves to another cell during a talk spurt is therefore . 
A. Packet Dropping Probability
Fig . 3 shows the packet dropping probability (8) as a function of the number of terminals for different mobility rates when permission probability . The packet dropping probability increases by at most 10% when increases from 0 to 0.05, and at most another 10% as increases from 0.05 to 0.1. Fig. 4 shows the same for . We also carried out simulations based on the Markov model of the terminal. At the start of the simulations, all the terminals were in the silent mode. The duration of the simulation run was chosen to be 10 slots (10 frames). 6 is not taken into account. We see that this term accounts for a major portion of when the number of terminals is large. The discrepancy between the simulation and analytical results for large number of terminals was also observed for . We thus see that even though the base station is not actively involved in a hand-off, the degradation in the voice packet dropping probability of a mobile terminal with the PRMA protocol is marginal.
VI. CONCLUSIONS
We show that a path enumeration technique combined with EPA can be used to analyze the effect of terminal mobility on the voice packet dropping probability of PRMA in a cellular environment. The packet dropping probability is first evaluated as a function of the successful packet transmission probability of a contending terminal. We show that this can be done by means of a path enumeration technique based on Mason's formula for signal flow graphs. EPA is then used to arrive at an approximate system probability distribution to uncondition this conditional packet dropping probability. We find that the degradation in PRMA's packet dropping probability with increasing terminal mobility is marginal in spite of the fact that the base station plays no active role in hand-off.
APPENDIX A DERIVATION
The last packet in a packet talk spurt has to be transmitted before time . Let , ( ). The terminal can transmit in the time interval (of length ) at most ( ) voice packets. To transmit a packet the terminal in mode must reach without moving into another cell. The probability that the terminal remains in the same cell for slots, the time after which it can transmit its reserved slot, is . Therefore, the terminal in mode can transmit at least one packet with probability . Similarly, it can transmit at least two packets with probability and so on. Hence the expression given in (2). 6 For R = n; P ((C; n)) = 1 since (C; n) = 0.
APPENDIX B MASON'S FORMULA
Mason's gain formula sums the gains of only those paths that start at and end at and for which none of the intermediate modes are or . To evaluate the gains of paths in which the terminal can go through a mode any number of times, we append two additional dummy modes START and FINISH, and evaluate the gain from START to FINISH. START is connected to by a branch with gain 1. Similarly, FINISH is connected to by a branch of unity gain. Fig. 2 shows the technique for . The various forward paths for different FINISH modes, their respective forward path gains ( ) and co-factors ( ), and the graph determinant are given in Table I .
APPENDIX C SIMPLIFICATION OF FORMULA
In the mode diagram in Fig. 2 , the minimum length of a closed loop in which at least one packet gets transmitted is . 7 Therefore, can be written as , where is itself a polynomial in . So, instead of , we recursively evaluate the function defined by
Let and denote the coefficient of in and , respectively. Hence, .
is defined similarly. Note that . 7 A terminal can transmit only once in n slots. This also imposes the condition that y n.
The formula for , derived in (1), simplifies to
It can be shown that (11) reduces to the one derived in [2] for the no mobility case.
